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Solid supported 2D assembly of silver nanocubes was fabricated by Langmuir-Blodgett technique and employed to investigate its
surface enhanced Raman scattering (SERS) and surface enhance fluorescence (SEF) activities by detecting Rh6G in solution of
varied concentrations, that is, 10−12M, 10−9M, 10−6M, and 10−3M. SERS was detected from a nanomolar concentration of Rh6G
whereas SEF was detected from a picomolar concentration. Further, the substrate was subjected to thermal annealing to fabricate
plasmonic thin film.The formation of thin filmwas followed bymonitoring its surface plasmon resonance spectra and atomic force
microscopic images. It was observed that the characteristic spectral peaks of silver nanocubes merged into a broad spectral band
as the annealing time was increased and the intensity of the band decreased with the formation of thin film. The obtained result
implies that thermal annealing could be a simple approach to create nanoscale gaps in SERS substrate and to engineer continuous
thin film from the assembly of discrete nanoparticles.

1. Introduction

Plasmonic metal nanoparticles such as silver, gold, and
copper are gaining interest due to their unique optical prop-
erties that find applications in numerous fields of technology
[1–4]. Noble metal nanoparticles support surface plasmons,
coherent oscillation of conduction band electrons, which
can be excited by electromagnetic radiation to give rise to
an intense electric field. Such phenomenon is called surface
plasmon resonance (SPR) [5, 6]. At resonance condition,
absorption of light by nanoparticles occurs which appears as
absorption peaks in their absorption spectrum. The position
of the peak is highly sensitive to the refractive index of
the external medium in which nanoparticles are placed. The
sensitivity of nanoparticle’s absorption peaks is the basis of
SPR based molecular sensing [7–9]. In this context, two
classes of surface plasmon resonance (SPR) are applied in
sensing devices, for example, surface plasmon polariton
(SPPs) and localized surface plasmon resonance (LSPRs).
LSPR involves excitation of surface plasmons localized on

the surface of discrete nanopartcle. SPPs involve excitation
of surface plasmons that propagate along the nanoscale
surface of a thin film of plasmonic materials [10, 11]. LSPR is
employed to sense molecular events occurring in the vicinity
of nanoparticle’s surface as the evanescent electric field exists
within a few nanometers (∼20 nm) of the surface [11–13].
However, SPPs are employed to sense molecular events in
the bulk medium as the electric field exists around 200 nm
away from the surface [12]. In addition, E-field generated
by excitation of surface plasmon by light modifies the
scattering and emission processes of a nearby dipole result-
ing in surface-enhanced Raman, fluorescence and second-
harmonic generation phenomena [14, 15]. When nanoparti-
cles are assembled in ordered structures on solid supports,
some unique phenomena are observed such as hot spots gen-
eration and phenoresonance [16, 17]. For this reason assembly
of well-defined and reproducible plasmonic nanostructures
has appeared as an essential part to develop novel SERS active
substrates and sensor platforms. Nanotechnology offers sev-
eral strategies to assemble nanostructures in a 2D fashion.
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Electron beam lithography and nanosphere lithography are
two commonly used techniques to create ordered assembly of
nanostructures [18]. However, Langmuir-Blodgett (LB) tech-
nique has evolved as efficient tool for organizing nanoscale
building blocks of different composition, morphologies, and
sizes. Langmuir-Blodgett film can be used as nanobiotem-
plate for the crystallization of protein which is considered as
a major achievement in the field of both structural and func-
tional proteomics [19]. LB based crystallization of proteins
provides highly stable protein crystals and allows their char-
acterization at a nano- and subnanoscale dimensions. There-
fore, LB-based crystallography can have a tremendous impact
in the field of industrial and clinical/therapeutic applications,
opening new perspectives of personalized medicine [20]. In
addition, LB film can be used to develop inorganic and bio-
logical sensor for health and environmental application [21,
22].Moreover, inorganic nanostructures can be assembled on
solid supports which have both scientific and technological
interests [14, 15]. Song and El-Sayed-Ali studied aggregation
and optical field enhancing properties of silver nanocubes
substrates fabricated by LB technique [23]. They found that
control of interparticle spacing in a NC monolayer is diffi-
cult. Moreover nanoscale interparticle distance in plasmonic
nanostructures is crucial for creating effective SERS sub-
strates as such nanoscale gaps produce huge electromagnetic
field, also called hot spots.We aswell as other groups reported
tuning of nanoscale interparticle gaps in Langmuir-Blodgett
film using phospholipids and polymermolecules [24–26]. But
incorporation of inert molecules within the nanostructures
assemblymay interfere with the signals of analytes.Therefore,
it is important to find a contamination free approach to engi-
neer SERS substrates with controlled nanoscale interparticle
gaps. In addition, optical fiber based plasmonic detection
is gaining considerable attention as this technique requires
small volume of samples and renders detection of analytes
remotely [26–29]. This technique utilizes the propagating
surface plasmonmodes generated on the surface of nanoscale
film of plasmonicmaterials. Generation of nanoscalemetallic
film on sensor surface especially on fiber is challenging.
Bialiayeu et al. showed the formation of nanoscale gold film
on optical fiber functionalized with gold seeds [30]. But
this method involves multisteps chemical functionalization
procedure. Suchnanoscale film can be alternatively fabricated
by thermal annealing of discrete nanoparticles deposited on
solid surface.

In this paper we engineered nanoscale silver film by
reducing the interparticle distance among silver nanocubes
deposited on LB substrate. We demonstrated that thermal
annealing of 2D assembly of nanocubes could be a simple
alternative route to tune interparticle distance and fabricate
nanoscale films.

2. Materials and Methods

2.1. Chemicals. Silver nitrate (AgNO
3

, 99+%), polyvinyl-
pyrrolidone (PVP, MW ∼ 55,000), ethylene glycol (EG), and
chloroform were purchased from Sigma-Aldrich and used as
obtained. Hydrochloric acid (HCl, 38%) and ethanol (95%)

were obtained from Anachemia and Brampton, respectively,
and used without further purification. Poly (diallyldimethy-
lammonium chloride) solution (PDADMAC; 35wt% in
water, MW < 100,000), poly (sodium-4-styrenesulfonate)
(PSS; MW ∼ 70,000), Rhodamine 6G (Rh6G), and hydrogen
peroxide (30%) were received from Caledon.

2.2. Preparation of Nanocubes. A colloidal solution of silver
nanocubes (NC) was synthesized by a modified polyol pro-
cess developed byWiley et al. [2]. In a typical synthesis, 5mL
EG was placed in a 100mL triple necked round bottom flask
and heated at 140∘C for 1 h under stirring with Teflon coated
magnetic stirring bar using a temperature-controlled silicon
oil bath. While EG was heated, EG solutions containing
AgNO

3

(94mM) and PVP (147mM) were prepared. One
mL of HCl solution in EG (3mM), prepared 30min prior
to completion of EG heating time, was added quickly. Ten
minutes after the injection of HCl, 3mL of both AgNO

3

and
PVP solutions were added simultaneously in the hot reaction
mixture at a rate of ∼750mL/min using glass syringes.
The resulting solution was allowed to heat for 26 h under
reflux conditions. The final product was cooled to room
temperature and subjected to further purification.

2.3. Purification of Colloidal Silver Nanocubes. The as-
synthesized colloidal nanocubes contained unreacted EG,
excess of PVP, and nanorods as a by-product. EG and PVP
were removed by diluting the colloidal solution with ethanol
(1 : 1 by volume) followed by centrifugation at 12,000 rpm.
The precipitate was collected and redispersed in ethanol by
sonication. This process was repeated 30 times for complete
removal of EG and PVP. Silver nanorods were separated from
the nanocubes by filtering the prewashedNC in ethanol using
PTFE syringe filters (pore size: 0.45 𝜇m and 0.22𝜇m). The
purified silver NC solution was further subjected to washing
with chloroform by centrifugation (at least 3 times) prior to
the LB film preparation. The final volume of the nanocube
solution was 4mL.

2.4. Preparation of LB Monolayers. NIMA 311D trough, filled
with Milli Q water (18.2mΩ cm), was used to prepare the
Langmuir monolayers of NC substrates. In order to create
monolayers, 500𝜇L of colloidal NC suspended in chloroform
was injected onto the water subphase using a microsyringe.
Monolayer was left for 30min to allow chloroform evapora-
tion. Surface pressure of the monolayer was measured with
a paper Wilhelmy plate. Before transferring the monolayer
onto solid supports several isotherm cycles were performed
to anneal the films. Monolayer was transferred onto quartz
substrates, cleaned with piranha solution and subsequently
with a mixture of chloroform and methanol, at a surface
pressure of 5mN/m.

2.5. UV-Vis Measurement. UV-vis spectra of the colloidal
nanocubes in ethanol and of monolayers deposited on the
quartz substrates were recorded using Shimadzu, UV-2450
UV-vis spectrophotometer.
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2.6. Annealing of Glass Supported Silver Nanocubes Substrate.
Glass supported silver nanocubes substrate was annealed by
placing substrate in laboratory oven at 110∘C for up to 221 hrs.

2.7. Topography Measurements. The topography of the NC
monolayer, transferred onto quartz substrates at 5mN/m
surface pressure, was obtained using an Ntegra (NTMDT,
Russia) atomic force microscope in semicontact mode in air
at 23∘C with 512 × 512 points per image. A 100 × 100 𝜇m2
scanner (Ntegra) and cantilevers with rotated monolithic
silicon tips (125 𝜇m-long, 40N/m spring constant Tap 300Al,
resonance frequency 315 kHz, Budget Sensors) were used
for all topographic measurements. The typical scan rate was
0.5Hz. AFM images were further processed by Nova image
processing software.

2.8. SERSMeasurement. Measurements of SERS spectra were
performed using a single grating monochromator (Jobin
Yvon, focal length 640mm) equipped with a liquid nitrogen
cooled CCD camera (Princeton Instruments) and a notch
filter to remove the excitation wavelength. Argon/Krypton
ion laser system (Coherent), operating at 488 nm excitation
wavelength with an output power of 20mW, was used
for excitation. The spectral resolution of the instrument
was ∼4 cm−1. The accumulation time was 60 s. Final SERS
spectrum of each substrate was the average of five spectra
collected in different areas of the sample. The SERS spectra
were collected byWinSpec/32 software and further processed
by GRAMS/AI spectral data processing software.

2.9. Deposition of Polyelectrolyte (PE) Multilayers. PDAD-
MAC and PSS bilayers were deposited on the nanostructure
by self-assembly process [31]. Briefly, nanostructure consist-
ing of nanocubes was immersed in a PDADMAC solution
(1mg/mL) and then into a PSS solution (1mg/mL). In this
way a total of 5 bilayers were deposited. Deposition of PE was
monitored by PSS absorption intensity at 227 nm.

2.10. Incorporation of Rh6G on the Nanostructure. Rh6G
solutions having different concentrations, that is, pM, nM,
𝜇M, and mM, were prepared at a pH of 2.5 and the nanos-
tructure containing PE (PSS on the top) was incubated into
those solutions for 10min followed by rinsing with copious
of milliQ water. The substrates were dried under N

2

flow and
subjected to Raman measurement immediately.

3. Results and Discussion

3.1. Optical Properties of Silver Nanocubes. In this present
work, a colloidal solution of silver nanocubes was synthesized
by polyol reduction method as described earlier [32]. It
is well-reported that plasmon response is sensitive to the
size, morphology, and material of nanostructure as well
as refractive index of the medium [33]. Both theoretical
and experimental studies revealed that polyhedral shaped
silver nanocrystals with well-defined facets and corners
exhibit distinct optical signatures due to the excitations of
different modes of localized surface plasmons (LSPs) [34].
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Figure 1: UV-vis extinction spectrum of colloidal silver nanocubes
in ethanol.

Figure 1 shows the characteristic extinction spectrum of the
as-synthesized colloidal silver nanocubes in ethanol. It is
obvious that the spectrum consisted of four distinct peaks
appearing at 600 nm, 500 nm, 420, and 350 nm.The first and
second peaks have been assigned to dipolar and quadrupolar
modes of LSP, respectively, whose amplitudes are stronger at
the corners of the cube. The other two peaks, arising from
multipolarmodes, have higher amplitudes at the centre of the
faces [2, 26, 30, 32, 33]. The size and shape of the nanocubes
were confirmed by scanning electron microscopic images
(SEM) as shown in Figure 2. It reveals the as-synthesized
silver nanocube had sharp edge with a nominal edge length
of 80 nm. Although, occasionally, there are some nanorods,
numerous rounds of centrifugation and filtration resulted in
nanorods free monodisperse nanocube samples.The number
and position of the spectral peaks of the purified NCs sample
corroborated with the literature [26].

3.2. Engineering 2D Assembly of Supported NCs. Langmuir-
Blodgett (LB) technique has evolved as a powerful tool to
fabricate organized assembly of nanoscale building blocks
onto solid supports. In this present work, 2D assembly
of silver nanocubes was engineered by transferring water
supported Langmuir monolayer of nanocubes onto quartz
substrates. Because of PVP coating, the as-synthesized NCs
rendered hydrophobic surface which enabled them to spread
and subsequent formation of monolayer on water subphase
of LB trough. The packing and density of NCs in monolayer
can be tuned by varying the surface pressure of the film
which can be accomplished by compressing or expending
the barrier of the trough. During the compression, the film
undergoes different phase transitions which can be identified
from the slope of the pressure-area isotherm. Figure 3 shows
a typical pressure-area isotherm of silver NCs monolayer
reflecting different phase transitions that it underwent from



4 Journal of Nanoparticles

Figure 2: SEM image of silver nanocubes.
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Figure 3: Pressure-area isotherm of the Langmuir monolayer
consisted of silver nanocubes.
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Figure 4: AFM topographic image of Langmuir-Blodgett (LB) film,
transferred at a surface pressure of 5mN/m, consisted of silver
nanocubes.
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Figure 5: UV-vis absorption spectra showing adsorption of poly-
electrolytes layers (PSS/PDADMAC) on the top of the solid sup-
ported silver nanocubes monolayer.
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Figure 6: SERS spectra of silver nanocubes substrate (LB film) incu-
bated in aqueous solutions of Rh6G having variable concentrations.

gas phase to solid phase through liquid condensed phase. In
gas phase theNPs stay apart from each other such that surface
density is low and therefore surface pressure does not change.
In liquid phase, the NPs come close enough for mutual
interaction to take place increasing the particle density which
in turn increases the surface pressure. In solid phase, the
NPs form close packing structure giving a sharp increase
in surface pressure and after a critical surface pressure
(collapse pressure) further compression collapses the mono-
layer. However, in case of NPs with anisotropic geometry like
nanocubes, liquid phase consists of two subphases: a liquid
extended (LE) phase where the NCs are close to each other
but are in random orientations and liquid condensed (LC)
phase where the NCs are orientated in a particular direction.
Density of the particles increases upon increasing surface
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Figure 7: Relative intensities of (a) SERS and (b) SEF of silver nanocubes substrate (5mN/m) incubated in Rh6G solutions having variable
concentrations.
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Figure 8: Extinction spectra of silver nanocubes substrate before
annealing and after annealing at different annealing times.

pressure, brought about by film compression, which gives rise
to the spectacular colour change of the Langmuir film.

Tapping mode AFM topographic image was taken in
order to determine the topographic features of the LB film
of NCs transferred at a surface pressure of 5mN/m which
correspond to a liquid condensed phase of the Langmuir film
(Figure 4). It is obvious that the nanocubes were close to each
other with nanoscale interparticle gaps and had face to face
orientation. Such nanoscale gaps are known to enhance SERS
signal [35, 36]. However, there was a discontinuity within the
monolayer which was because of the presence of impurity
molecules in the water supported monolayer.

3.3. Sensitivity of the Substrates toward Surface Enhanced
Raman Scattering (SERS) and Surface Enhanced Fluorescence
(SEF). Nanocubes with sharp edges have been proven to
be a promising candidate for SERS substrates in molecular
sensing with high sensitivity [26, 30, 32].The intense EMfield
originating from sharp edges, faces and vertices amplifies

the Raman and fluorescence optical signal. R6G, a strong
fluorescent xanthene dye, was used as probe molecules for
molecular detection purpose. To enhance adsorption of
Rh6G five bilayers of PDADMAC/PSS were deposited on the
top of nanocubesmonolayer. Moreover, polyelectrolytes (PE)
multilayer reduces the quenching of fluorescence by metal
nanoparticles (NC). The attachment of the polyelectrolytes
on nanocubes surfaces was confirmed by monitoring UV-
vis absorption signal intensity of PSS at 227 nm (Figure 5).
The driving force behind the adsorption of PE on NC may
be attributed to hydrogen bonding as well as dipole-ion
interaction between the PVP and charged PE layer [31]. One
issue with the nanocubes film upon incubation onto aqueous
solutions is the stability of the film. We noticed some loss of
nanocubes from the film which is believed to be because of
the weak physisorbed NCs on the support. This was further
confirmed by the fact that there was no significant intensity
change in the SPR absorption band before and after incuba-
tion of nanocubes film onto aqueous solution. To investigate
the SERS and SEF, four aqueous solutions of Rh6G with
variable concentrations were prepared andNCs substrate was
submerged into the solution. However, same nanocomposite
substrate was incubated onto R6G solutions having different
concentrations (10−12M, 10−9M, 10−6M, and 10−3M) starting
from the lowest to the highest concentration. Such strategy
reduces the concentration effect on the resultant SERS and
SEF measurement. This strategy also eliminates the error
arising from substrate preparation. Moreover, exposure to
laser light decomposes the dye molecules into optically
(Raman and fluorescence) inactive components. The Raman
spectra were collected from at least five different spots of the
substrate and finally averaged over using Grams AI software.
Figure 6 shows the SERS spectra of the substrate incubated
onto R6G solution of different concentrations. We could
detect SERS from Rh6G at a concentration of 10−9M. The
band which appeared at 1650 cm−1, due to the C–C stretching
vibration of aromatic ring, was used as reference to determine
SERS intensity of distance controlled [31, 37, 38]. In addition,
SEF was observed from a solution concentration of 10−12M.
The enhancement factor was calculated as described below.
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Figure 9: AFM topographic images (size of each image is 2.5 𝜇m × 2.5 𝜇m) of silver nanocubes monolayer recorded at different annealing
times ((1) before annealing, (2) after 12 hrs, (3) after 43 hrs, (4) after 85 hrs, and (5) after 221 hrs).
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The observed large enhancement factors for both SERS and
SEF suggest that this monolayer can indeed serve as robust
solid substrate for performing molecular detection with high
sensitivity (Figure 7).

3.4. Enhancement Factor Calculation. Magnitude of opti-
cal signal enhancement in SERS or SEF is estimated by
enhancement factor. Enhancement factor (EF) is defined by
the following relation EF = 𝐼NC/𝐼0 = 𝐼SERS/𝐼RS (or 𝐼SEF/𝐼𝐹),
where 𝐼NC and 𝐼

0

are the intensities of Raman (or fluores-
cence) signal of Rh6G molecules adsorbed on Ag nanocubes
substrate and that of on substrate without Ag nanocubes,
respectively. 𝐼SERS (or 𝐼SEF) and 𝐼RS (or 𝐼

𝐹

) are the Raman
(or fluorescence) intensities of the dyes under SERS (or SEF)
and non-SERS (non-SEF) conditions, respectively. Relative
intensity of SERS and fluorescence enhancement factors
were calculated considering the substrate having the lowest
intensity.

3.5. Fabrication of Film from Discrete NCs Assembly. Extinc-
tion spectrum of colloidal nanocubes in ethanol shows four
peaks which are characteristics of 80 nm silver nanocubes.
However, extinction spectrum of silver NCs deposited on
glass shows four peaks along with a broad band at higher
wavelengths. The broad band is because of coupling of
interparticles plasmonic fields [38–41]. However, thermal
annealing of the NCs substrate brought about two obvious
spectral features, a decrease in the intensity of plasmon
extinction peaks and merging of the peaks into a broad band
(Figure 8). To elucidate the spectral change we investigated
the morphology of the substrate after thermal annealing at
different time intervals, that is, 12 hrs, 43 hrs, 85 hrs, and
221 hrs. The annealing temperature of the substrate was
maintained at 110∘C, the highest temperature reached by our
available laboratory oven.Themorphology of the substrate at
lower annealing time did not change significantly. Figure 9
shows the AFM images of the substrate before and after
annealing at different time intervals. The AFM image of the
substrate before annealing clearly shows the assembly of NCs
on the glass support. As the annealing time was increased,
truncation of the cubes’ corners started and the interparticle
gaps were reduced while at the same time the height of NCs
decreased finally forming a continuous film. Therefore, the
spectral change was brought about by the morphological
change of the substrate. Before thermal annealing, due to
the sharp edges and corners of nanocubes, all modes of
surface plasmons are excited [41, 42].Therefore the spectrum
consisted of four peaks. As the annealing time was increased
truncation of corners took place which diminished the
excitation of multipolar plasmonic mode. Finally the discrete
NCs formed a continuous film which supports propagating
surface plasmons that can be excited at infrared region and
the intensity of LSPR absorption was decreased and merging
of the peaks into a broad band occurred [31, 41–45]. However,
the annealing time can be drastically reduced by increasing
the annealing temperature [46–48]. The resultant nanoscale
film can be used to build up PSP basedmolecular sensing and
temperature gradient detection [49–51].

4. Conclusion

In this work, we presented a simple approach to engineer
effective SERS and SEF substrates using LB technique and
showed that plasmonic thin film can be prepared by thermal
annealing of LB film which consisted of metal nanoparticles
with large interparticles gaps. The LB substrate exhibited
SERS signal of Rh6G at nanomolar solution whereas SEF
signal was observed at a concentration of picomolar solution.
However formation of continuous thin film by thermal
annealing of lowdensity LBmonolayer ofmetal nanoparticles
can be traced by monitoring its surface plasmon resonance
peaks. It has been observed that the spectral peaks of discrete
silver nanocubes merge into a broad band with increasing
annealing time and the intensity of the band diminishes when
the film becomes continuous. Although, in this investigation,
the annealing time was longer, it can be reduced by elevation
of annealing temperature. Further research will be addressed
on this issue.
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